Abstract Varicella zoster virus (VZV), a human neurotropic alphaherpesvirus, becomes latent after primary infection and reactivates to produce zoster. To study VZV latency and reactivation, human trigeminal ganglia removed within 24 h after death were mechanically dissociated, randomly distributed into six-well tissue culture plates and incubated with reagents to inactivate nerve growth factor (NGF) or phosphoinositide 3-kinase (PI3-kinase) pathways. At 5 days, VZV DNA increased in control and PI3-kinase inhibitor-treated cultures to the same extent, but was significantly more abundant in anti-NGF-treated cultures (p = 0.001). Overall, VZV DNA replication is regulated in part by an NGF pathway that is PI3-kinase-independent.
Introduction
Varicella zoster virus (VZV) is a ubiquitous human neurotropic alphaherpesvirus to which >95 % of the world's population has been exposed (Virgin et al. 2009 ). During primary infection, VZV infects multiple cranial nerve ganglia, dorsal root ganglia, and autonomic and enteric ganglia (Steiner et al. 2007; Eshleman et al. 2011; Nagel et al. 2014; Gershon et al. 2012) , where virus replication is blocked and latent infection ensues. VZV is latent in more than 90 % of human trigeminal ganglia (TG) (Mahalingam et al. 1992; Cohrs et al. 2000) , where <10 copies of VZV DNA (Mahalingam et al. 1993; Wang et al. 2005) are present in neurons (Gilden et al. 1983 (Gilden et al. , 1987 Kennedy et al. 1998 ) and from which a limited number of virus genes are transcribed (Kennedy et al. 1999; Cohrs and Gilden 2007) . VZV reactivation typically causes zoster, frequently followed by postherpetic neuralgia. Zoster may be further complicated by meningoencephalitis, cerebellitis, cranial nerve palsies, myelopathy, and VZV vasculopathy (Gershon et al. 2015) . Recently, giant cell arteritis was shown to be triggered by VZV in the temporal artery (Gilden 2015) . Currently, there is no suitable animal model to study the molecular events of VZV reactivation (Shahzad et al. 2015) .
VZV and human herpes simplex virus type 1 (HSV-1), members of the same alphaherpesvirus subfamily , can be latent in the same TG (Cohrs et al. 2005) and even in the same neuron (Theil et al. 2003) . During latency, both virus genomes are circular (Efstathiou et al. 1986; Clarke et al. 1995) and are largely transcriptionally silent (Stevens et al. 1988; Ouwendijk et al. 2012) . Latent HSV-1 can be recovered from about half of human TG explants 10-24 days in culture (Plummer 1973; Warren et al. 1977) . Although VZV has never been isolated from latently infected human TG (Plotkin et al. 1977) , virus DNA does replicate in human TG explants (Azarkh et al. 2012 ) and dissociated ganglia (Cohrs et al. 2016) .
Alphaherpesvirus reactivation can be viewed as the culmination of a complex, multi-stage series of events with checkpoints that may block release of infectious virus . Studies of HSV-1 in animal and tissue culture models of latency and reactivation indicate that DNA replication can be used to distinguish various stages of reactivation. Early-stage HSV-1 reactivation results in generalized deregulation of virus gene transcription, wherein virus genes are transcribed independent of their kinetic class (immediateearly, early, and late) and independent of virus DNA replication Kim et al. 2012) . Late-stage virus reactivation includes virus DNA replication along with a full complement of virus gene transcription that ultimately results in assembly and release of infectious virions (Kobayashi et al. 2012 ). Since HSV-1 DNA replication is required for efficient virus reactivation (Kobayashi et al. 2012 ), in the current work VZV DNA replication was used as an indicator that VZV reactivation has been initiated, but not that the virus has reactivated to produce infectious virions. Using VZV DNA replication as a marker for the transition between early-and late-stage reactivation, we tested whether the nerve growth factor (NGF) and phosphoinositide 3-kinase (PI3-kinase) pathways, both involved in HSV-1 reactivation (Wilcox and Johnson 1988; Kobayashi et al. 2012) , play a role in latent VZV DNA replication.
The left and right human TG were obtained within 24 h of death in accordance with approved protocols from the Colorado Multiple Institutional Review Board and Office for Human Research protections, US Department of Health and Human Services (http://www.hhs.gov/ohrp) and FDA (http://www.fda.gov/oc/ohrt/irbs/default.htm) guidelines. At autopsy, no subject showed cutaneous signs of herpesvirus reactivation and none were immunosuppressed before death (Table 1 ). The two TG from each subject were combined, washed with PBS, and mechanically dissociated into sizes sufficiently small to pass through the opening of a 1000-μl pipette tip. This critical step ensured that neurons were randomly distributed among samples to reduce sampling error upon assessment of VZV DNA content (Cohrs et al. 2016 ). While we did not count neurons or non-neuronal cells in the current experiments, human TG contain on average 27,400 ± 4800 neurons with approximately 100:1 non-neuronal cell/neuron ratio (Laguardia et al. 2000) and our dissociation protocol did not specifically eliminate non-neuronal cells or add antimitotic drugs to kill actively dividing cells. Dissociated ganglia were suspended in 20 % fetal bovine serum-supplemented Dulbecco's modified Eagle medium containing antibiotics and antimycotics (Life Technologies, Waltham, MA) and cultured in six-well glass-bottom tissue culture plates (Cellvis, Burlington, Ontario, Canada) since cell density and support material are major contributors to HSV-1 reactivation efficiency (Warren et al. 1978; Lewis et al. 1982) . Samples were harvested at 0, 5, and 10 days. Cell viability was determined by inclusion of red fluorescent dye (CellTracker; Thermo Fischer Scientific, Waltham, MA), while cell nuclei were identified by DAPI staining (Fig. 1) . VZV DNA copy number was determined by TaqMan-based quantitative PCR of total DNA extracted from each sample (Cohrs et al. 2016) .
Results and discussion
Dissociated human TG neurons with associated non-neuronal cells remained viable for 5 days in culture, although signs of neuronal stress (fainter viable staining) became evident at day 10 ( Fig. 1) . At no time was virus-induced cytopathology evident. At day 0, VZV DNA was present in the left and right TG from all four subjects. At day 5, VZV DNA abundance increased 3.5-, 11.1-, 32.8-, and 10.4-fold, respectively, in the four subjects (Fig. 2) . The mean 14.4-fold increase in VZV DNA was significantly greater than the amount of VZV DNA present at day 0 (Wilconon signed-rank test; p = 0.0005) and was greater than the <3.5-fold increase at day 5 when dissociated individual human TG were cultured at higher density in fold change in VZV DN subject 1 subject 2 subject 3 subject 4 . VZV DNA abundance did not differ (p = 0.87) between untreated control and LY294003-treated TG cultures, but was significantly increased (p = 0.001) in TG cultures treated with anti-NGF antibody 96-well tissue culture plates, although the abundance of VZV DNA in either culture condition was not increased at day 10 ( Fig. 2 ; Cohrs et al. 2016) .
Using our modified culture conditions to optimize VZV DNA replication at day 5, we added the PI3-kinase inhibitor LY294003 (10 μM; Sigma-Aldrich, St Louis, MO) or rabbit polyclonal anti-NGF antibody (10 μg/ml) (Santa Cruz Antibodies, Santa Cruz, CA) to the medium and maintained the dissociated human TG cultures at 34°C to facilitate VZV replication (Grose and Brunel 1978; Markus et al. 2015) . VZV DNA abundance again increased after 5 days in culture, although the amount of VZV DNA increase was minimal for subject 5 (Fig. 3) . Addition of LY29003 to cultures had no effect on the amount of VZV DNA at day 5 compared to untreated control cultures (p = 0.87). When anti-NGF antibody was added to the culture, total VZV DNA copies increased significantly by 1.3-, 31.0-, and 13.0-fold compared to untreated TG cultures (p = 0.001). While virus DNA replication is the simplest explanation for the observed increase in VZV DNA copy number, addition of acyclovir or phosphonoacetic acid would confirm that virus DNA replication was induced in the dissociated human TG cultures.
The association between NGF and alphaherpesvirus was first noted based on clinical observations that HSV-1 reactivated after retrogasserian neurectomy (Cushing 1905; Carton and Kilbourne 1952) and is supported by in vitro experiments in which NGF deprivation induced HSV-1 reactivation in a murine model of HSV-1 latency (Wilcox and Johnson 1988) , while addition of NGF to maintenance culture medium blocked HSV-1 reactivation in explants of latently infected mouse TG (Du et al. 2013 Shu et al. 2015) . NGF provides continued PI3-kinase signaling through tropomyosin receptor kinase A (TrkA) to maintain HSV-1 latency (Camarena et al. 2010) . VZV reactivation can occur after tympanomastoid (Vrabec 1999) or other orofacial surgery (Furuta et al. 2000) , since these procedures might reduce dynein-dependent retrograde NGF transport from the axon to the cell body (Gluska et al. 2016 ). Treatment of VZVinfected human embryonic stem cell-derived neurons with neuronal and epidermal growth factors supports neuronal viability and suppresses lytic virus infection, while virus gene transcription is induced after growth factor removal (Markus et al. 2015; Sadaoka et al. 2016) .
The association between PI3-kinase and alphaherpesviruses has been extensively studied. Binding of membrane-bound tyrosine kinases or G protein-coupled receptors by extracellular environmental signals (growth factors and cytokines) phosphorylates the p85 PI3-kinase regulatory subunit and activates the PI3-kinase p110 catalytic subunit. Activated pI3-kinase phosphorylates Akt kinase which is key to cell growth and survival, angiogenesis, and regulating cell metabolism (Manning and Cantley 2007) . PI3-kinase activation is critical for efficient alphaherpesvirus replication (Liu and Cohen 2013) . HSV-1 surface glycoprotein pB or gD induces PI3-kinase activity to facilitate virus entry (Tiwari and Shukla 2010) , and virus replication is enhanced by PI3-kinase phosphorylation by HSV-1 UL11/12 or direct phosphorylation of PI3-kinase downstream substrates by HSV-1 US3-kinase (Eaton et al. 2014) . VZValso uses PI3-kinase for efficient virus propagation. VZV ORF 12 protein binds the regulatory subunit of PI3-kinase resulting in activation of PI3-kinase, Akt phosphorylation, and induction of cell cycle cyclins, thereby increasing cell progression from G1 to M phase and virus production (Liu and Cohen 2013) . PI3-kinase activation is also important in the course of HSV-1 reactivation. Continued PI3K-kinase activity through NGF is required to maintain HSV-1 latency, and its inhibition by LY29003 induces virus gene expression and release of infectious virions (Camarena et al. 2010) .
Our results show that VZV DNA replication increases in NGF-depleted dissociated human TG cultures, most likely through a PI3-kinase-independent pathway. The induction of VZV DNA replication through NGF depletion provides an avenue to identify both viral and cellular transcripts that contribute to the transition of latent VZV from early-to late-stage reactivation.
